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The thermal-lens (TL) method was applied to a new phosphate glass doped with Nd3+ to determine ﬂuo-
rescence quantum efﬁciency (g) and thermal properties such as: thermal diffusivity, thermal conductivity
and the temperature coefﬁcient of optical length change. Studies were performed as a function of Nd3+
concentration (0.5–3  1020 ions/cm3). In addition, ﬂuorescence quenching was studied by measuring
the concentration dependence of ﬂuorescence lifetime. The TL and ﬂuorescence lifetime results are in
good agreement and corroborate the theory for energy transfer involving a pair of ions in which cross-
relaxation (CR) is the dominant process.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Phosphate glasses containing rare earth ions belong to a broad
family of heavy metal glasses that are among the most promising
glassy matrices for several applications. For example, they are
attractive in optical applications because they belong to a limited
number of host matrices that can accommodate higher concentra-
tions of ions (e.g. Nd3+) and remain amorphous relative to other
oxide glasses.
Fluorescence quantum efﬁciency (g) is an important parameter
for laser applications and is deﬁned as the ratio of the number of
radiative deexcitations to the total number of deexcitations of an
energy state in a given system [1]. It is well known that efﬁcient
solid state lasers require an active medium that is usually com-
prised of ion doped glasses or crystals with high radiation emission
rates. This means that both absorbed light and gmust be as high as
possible. For other applications such as optical ampliﬁers, g also
needs to be near unit. Therefore, the absolute determination of g
for luminescent materials is indispensable.
For example, a Nd3+-doped phosphate matrix has ﬂuorescence
quantum efﬁciency that is higher than that of aluminates [2] and
similar to that of ﬂuorides [3,4]. These characteristics and excellent
thermal and mechanical properties make them desirable candi-
dates for laser applications.
Thus, the aim of this study was to determine the optical and
thermal properties of a new phosphate glass matrix, PANK. The
thermal properties of this matrix were quantiﬁed by the thermalll rights reserved.
e).lens (TL) technique. To the best of the authors’ knowledge the
PANK was probably ﬁrst proposed as a host for Nd3+ due to its
transparency from UV to the near infrared. This range of the elec-
tromagnetic spectrum is where, according to the Judd–Ofelt the-
ory, absorption, emission and all other electronic transitions occur.
The Nd3+ ion was chosen because of important features that dis-
tinguish it from other optically active ions. First among these is
that its emission and absorption transition wavelengths are rela-
tively host insensitive. In addition, the lifetime of its metastable
state (4F3/2) is long [5] (e.g. 300–1200 ls in Nd3+-doped silicate
glasses) and its ﬂuorescent quantum efﬁciency g tends to be high
(e.g. g = 0.95 for Nd3+-doped GaLaS, ZBLAN and PGIZCa glasses
[6] and Nd3+:YAG crystal [7]). Because of this and other qualities,
Nd3+ has been extensively studied as a dopant in different materi-
als such as silicate [8], phosphate [9], ﬂuorophosphates [10] and
ﬂuoride glasses [4,11,12].
Our TL experiments were performed with seven concentrations
of Nd3+. The optical absorption coefﬁcient and luminescence spec-
tra were also measured.
2. Experimental details
Glasses were synthesized by fusion of neodymium dioxide
xNd2O3 (wt.%), (x = 1, 2, 3, 4, 5, 6 and 7). The nominal composition
of this new phosphate glass matrix (PANK) was 40P2O520Al2O3-
35Na2O5K2O (mol%). Powder was melted in porcelain crucibles
and a carbon rich atmosphere at 1350 C for 30 min. Afterwards,
the melt was rapidly cooled between graphite plates in an oven
at 250 C. The resulting blades were heated at 350 C for 48 h to re-
move internal stresses.
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crucible. The resulting samples were spot tested for homogeneity
and shown to be of consistent optical density.
The samples in blade form were subjected to meticulous and
lengthy polishing to minimize surface roughness (ﬂat nanosurface)
and ensure that the sides were parallel.
Figure 1 shows the emission spectrum of the PANK glass
doped with 2 mol% of Nd3+ pumping at 514 nm. The peaks at
808, 880, 1057 and 1326 nm are due to 4F5/2? 4I9/2, 4F3/2?
4I9/2, 4F3/2? 4I11/2 and 4F3/2? 4I13/2 transitions, respectively.
These transitions are attributed to the emission band of the
Nd3+ ion and the 4F3/2? 4I11/2 transition is dominant.
In TL experiments, a sample is exposed to a Gaussian laser. A
fraction of absorbed energy is converted to heat, generating a ra-
dial temperature proﬁle T(r,t). This local temperature increase pro-
duces a lens-like optical element, which is detected by shining a
probing beam through the sample and observing its characteristic
propagation. The temporal evolution of the on-axis probe beam
intensity, I(t), is measured in the far ﬁeld using a circular aperture
in front of a photodiode [4,13,14]. Shen et al. [15] used the Fresnel
diffraction theory to determine an analytical expression for probe
beam intensity at the detector:
IðtÞ ¼ Ið0Þ 1 h
2
tan1
2mV
½ð1þ 2mÞ2 þ V2 tc2t þ 1þ 2mþ V2
 !( )2
ð1Þ
In whichm = (wp/we)2, wp and we are the probe and excitation beam
radius at the sample, V = z1/zc, z1 is the distance between the sample
and probe beam waist, zc ¼ pw20=kp is the probe beam Rayleigh
range, w0 is the minimum probe beam radius, kp is the probe beam
wavelength, I(0) is the value of I(t) when the transient time t or the
phase shift, h is zero. The TL transient signal amplitude is propor-
tional to its phase shift, h, and is given by [13,16,17]
H ¼ h
PeAeLeff
¼  1
kkp
ds
dT
 
u ð2Þ
In which Pe is the excitation laser power, k is thermal conductiv-
ity, (ds/dT) is the probe beam temperature coefﬁcient of the optical
path length change [Ds = D(nL)/nL], Ae is the optical absorption
coefﬁcient at the excitation beam wavelength, n the refraction in-
dex, Leff = (1  exp(AeL))/Ae is the effective length and L is the
sample thickness. The fraction of absorbed energy converted into
heat is given by u ¼ 1 gðkexchk1emiÞ, where g is the ﬂuorescence
quantum efﬁciency, kexc is the excitation wavelength, and hk1emi is
the inverse of the average emission wavelength of all transition800 900 1000 1100 1200 1300 1400 1500
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Figure 1. Emission spectrum of PANK doped with 2 mol% of Nd3+.probabilities from the metastable 4F3/2 level. This parameter can
be easily determined using the standard emission, Figure 1. For
PANK hk1emi = 0.947 lm.
Evolution of the TL temporal signal depends on the characteris-
tic thermal time constant, tc, which is given by [13,16,18]
tc ¼ w
2
e
4D
ð3Þ
In which D = k/qc is thermal diffusivity, q is mass density and c
is speciﬁc heat.
The TL measurement is performed to determine D and u, and
then to calculate g. In principle, u can be determined from h if
the factor k1ds=dT is known. However, this factor is usually not
available in the literature. But in the case of Nd3+-doped solids,
all ﬂuorescence comes from the 4F3/2 level, which does not change.
Therefore, both g and hkemi are independent of kexc for excitations
in resonance with Nd3+ levels. Consequently, Eq. (2), where
H / u / b1 gðkexchk1emiÞc and the plot of H versus kexc can be
used to determine g [19].
The TL measurements were performed using a He–Ne
(632.8 nm) laser as a probe and Ar+ and diode lasers as excitation
sources. More details of the experimental setup can be found else-
where [20].3. Results and discussion
The TL spectroscopy was conducted by ﬁrst measuring transient
TL using standard procedures [4] and the chopped excitation beam
tuned to an absorption peak. Figure 2a shows the typical normal-
ized TL signal for PANK doped with 2 mol% of Nd3+. The theoretical
ﬁt of this curve was found using Eq. (1) and furnished two param-
eters: h = (0.0455 ± 0.0004) rad and tc = (0.62 ± 0.01) ms. The
thermal diffusivity D = (2.56 ± 0.04)  103 cm2/s was calculated
using Eq. (3) and the tc value. The same procedure was used
to determine average thermal diffusivity for all samples
hDi ¼ ð2:52 0:03Þ  103cm2=s. In order to accurately determine
D for each sample, tc and h were obtained from several transients
at various excitation powers. All measurements were performed
in the low pump power regime to avoid saturation effects. The
dependence of h on P was linear for each sample, indicating suc-
cessful determination of these parameters and absence of
saturation.
We obtained luminescence quantum efﬁciency g by measuring
H as a function of wavelength. For example, Figure 2b shows H
versus kexc for PANK doped with 2 mol% of Nd3+. To cover the
wavelength range from 500 to 850 nm, two lasers were used as
excitation sources: an Ar+ at 514 nm and a diode operating at
532, 671 and 808 nm. The wavelengths were in resonance with
Nd3+ energy levels as shown in Figure 2b. The experimental data
were ﬁtted with a straight line, since H / u / b1 gðkexchk1emiÞc,
see Eq. (2). Good agreement with linear behavior validates the
assumption that g is constant [21]. This theoretical ﬁt produced
(kpk)1ds/dT = (2.88 ± 0.09) W1 and g = 0.85 ± 0.08.
The density of q = (2.7 ± 0.1) g/cm3 was measured by the Archi-
medes method. Speciﬁc heat was determined using the procedure
adopted by Bruce [22]. This procedure showed that, at room tem-
perature, molar speciﬁc heat is almost constant and nearly equal to
21.3 JK1mol1, which is 86% of the Dulong–Petit value. We then
used this value to ﬁnd c = 0.97 J/g K, which is in a good agreement
with measurements found by Martins et al. [23] in a similar phos-
phate glass. From the values of hDi, q and c we calculated
k = (6.6 ± 0.3) x 103 W/cm K and using (kpk)-1ds/dT = (2.88 ±
0.09)W1, we obtained ds/dT = (1.2 ± 0.1)  106 W1.
PANK’s thermal diffusivity, thermal conductivity and ds/dT
[6,23] values are similar to other phosphate glasses. PANK thermal
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Figure 2. (a) Thermal lens transient signal for PANK doped with 2 mol% of Nd3+. The sample was excited with a Ar+ laser at 514 nm. The line is the theoretical ﬁt using Eq. (1).
V = 1.7; m = 23.9; woe = 2.52  103 cm; wp = 12.32  103 cm. (b) H values as a function of excitation beam wavelength.
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(LSCAS), ﬂuorides (PGIZCa, ISZn and InSBZnGdN) and ﬂuorozirco-
nates (ZBLAN) [6]. In modulus, PANK ds/dT values were the lowest
of the group. This is desirable for lasers which require ds/dT values
near zero [24]. Therefore, PANK has attributes that are favorable for
applications such as high pump power solid state lasers.
Self-quenching of Nd3+ is the one non-radiative decay processes
that has been extensively explored in the literature. This process
refers to energy exchange between a pair of Nd ions by cross-relax-
ation (CR) and excitation energy (EM) migration from one ion to
the next. These processes increase the non-radiative transition
rate, which reduces ﬂuorescence lifetime [6].
Fluorescence quenching is also commonly studied by measur-
ing the concentration dependence of the ﬂuorescence lifetime. This
dependence is normally adjusted by the empirical expression [5]
sexp ¼ s01þ ðNt=QÞp
ð4Þ
where s0 is the lifetime value observed at the limit of zero concen-
tration, Q is the concentration where s = s0/2 and p is an adjustable
parameter.
Figure 3 shows the dependence of ﬂuorescence lifetime on
increasing Nd3+ concentration. These lifetime values were obtained
from e1 decay (ﬁrst e-fold decay). The data of Figure 3 were ﬁtted
with Eq. (4), which produced: s0 = 384 ls, Q = 2.49  1020 ions/cm30.5 1.0 1.5 2.0 2.5 3.0 3.5
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Figure 3. Fluorescence lifetime of PANK as function of Nd3+ concentration.and p = 1.9. This p value is in good agreement with theoretical en-
ergy transfer involving a pair of ions, where CR is the dominant
process [5].
The observed exponential decay rate in rare earth doped solids
is given by the sum of radiative (srad) and nonradiative (snr) life-
time contributions so that, s1exp ¼ s1rad þ s1nr . The lifetime decrease
with concentration (Figure 3), usually observed in Nd3+-doped sol-
ids, is attributed to nonradiative cross relaxation processes. In this
case, an excited ion transfers part of its energy to a nearby ion, ini-
tially in the ground state, promoting it to an excited state where
both quickly decay nonradiatively to the ground state [19]. This
process converts part of the original excitation energy into heat,
which increases H with Nd3+ concentration and consequently
decreases quantum efﬁciency. To conﬁrm this, we determined
H as a function of concentration and using (kpk)1ds/
dT = (2.88 ± 0.09) W1 in Eq. (2), values for g were determined for
each sample. Here we assumed that (kpk)1ds/dT and g are inde-
pendent of excitation wavelength [20] and that (kpk)1ds/dT re-
mains constant as concentration increases [25]. Figure 4 shows g
behavior as a function of Nd3+ concentration. These measurements
were made by exciting the sample at 514 nm. The sexp/s0 ratio is
shown in Figure 4 for comparison.
Most studies estimate the quantum efﬁciency of Nd3+-doped
glasses using g = sexp/srad, where sexp is the measured decay time
and srad is calculated by the Judd–Ofelt method [5]. In the current0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Figure 4. Fluorescence quantum efﬁciency g vs. Nd3+ concentration. kexc = 514 nm.
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Figure 5. g1 As a function of Nd3+ concentration. The line represents a theoretical
ﬁt with g1 ¼ g10 ½1þ ðNt=QÞp .
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g1 ¼ g10 ½1þ ðNt=QÞp. The results of this are shown in Figure 5.
By ﬁtting the data and using the Q values obtained in Figure 3,
we obtained p and g0, where g0 = s0/srad is the low concentration
limit at which the interaction between Nd3+ ions does not affect
decay time. As can be seen, p is in good agreement with values ob-
tained from Figure 3. This shows that the TL technique and lumi-
nescence decay can be used to describe the concentration
quenching effect.
4. Conclusions
The TL technique was used to determine ﬂuorescence quantum
efﬁciency, thermal diffusivity, thermal conductivity and the tem-
perature coefﬁcient of a new matrix, PANK doped with seven con-
centrations of Nd3+. Our results show that the thermal diffusivity of
all samples is independent of Nd3+ concentration. The results also
indicate that g decreases from 0.85 to 0.38 as doping concentra-
tions increase from 1–7 wt.%. This strong decrease in g is attributed
to the interaction between pairs of Nd3+ ions that is boosted by
increasing concentration. The ds/dT results, in modulus, were lower
than those of aluminosilicate (LSCAS), ﬂuoride (PGIZCa, ISZn andInSBZnGdN) and ﬂuorozirconate (ZBLAN) glasses. This is a positive
attribute as ds/dT values near zero are desirable for lasers. Our re-
sults show that PANK has qualities that are beneﬁcial in applica-
tions such as high pump power solid state lasers. Lifetime
concentration quenching was also analyzed.
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